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Abstract The purpose of the present work was to investi- 
gate the infrared (IR) spectrum of shark enameloid, espe- 
cially with regard to hydroxide and carbonate bands. With 
thin sections placed directly in the IR beam it was possible 
to get high concentrations of ions without interfering effects 
from a dispersion medium (e.g., alkali halides). For com- 
parison, spectra of shark dentin and a geo-apatite were also 
recorded. In spectra of shark enameloid and geo-apatite me- 
dium strong hydroxide absorption bands were found around 
3535 cm -1 , and in shark dentin and geo-apatite spectra weak 
shoulders were observed at about 3570 cm -1 . Hydroxide 
libration bands at about 740 cm" 1 were found in shark 
enameloid and geo-apatite spectra; in the latter, also a band 
at 680 cm -1 . Carbonate bands were found in shark enam- 
eloid spectra at 1480 (weak shoulder), 1453, 1423, and 868 
cm" 1 . In shark dentin spectra there were carbonate- bands at 
1452, 1417, and 875 cm -1 , and probably also a carbonate 
band at about 1530 cm -1 overlapped by an amide II band. 
Weak carbonate bands were also found in the spectra of the 
geo-apatite at 1452 cm -1 , and at about 1425 and 880 cm" 1 . 
The relative intensities of the bands at 1453 cm" 1 (contrib- 
uted from A and B sites) and around 1420 cm -1 (B sites) 
changed from shark enameloid to shark dentin, and also 
from shark enameloid to the geo-apatite. More A sites seem 
to be occupied by carbonate in shark dentin than in shark 
enameloid, supposedly owing to fluoride occupation of A 
sites in shark enameloid. In geo-apatite and shark enameloid 
there are hydroxide ions hydrogen bonded to fluoride. Both 
shark enameloid and the geo-apatite are fluoride rich, and 
geo-apatite seems to have the highest fluoride concentra- 
tion. There are, however, indications that the hydroxide con- 
centration is also higher in the geo-apatite than in shark 
enameloid. This can be explained by the much higher car- 
bonate content, and partly also by the higher water content 
in shark enameloid. There are A sites in geo-apatite and 
probably also in shark enameloid which are occupied by 
carbonate, but the proportion of occupied A sites relative to 
occupied B sites is greater in geo-apatite than in shark 
enameloid. This difference can be explained by the prefer- 
ence of A sites when the carbonate concentration is very 
low. On the other hand, for greater amounts of carbonate 
such as we have in shark enameloid, B sites are preferred. 

Key words: Infrared spectroscopy — Enameloid — Apa- 
tite — Carbonate — Hydroxide. 
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The biological apatite constituting the crystals in the min- 
eralized tissues (bone and teeth) of amphibians, reptiles, and 
mammals, is mostly poor in fluoride. However, in shark 
enameloid, which is analogous to dental enamel in higher 
vertebrates, the hydroxide ion sites in the hydroxyapatite 
structure are occupied by a substantial amount of fluoride 
[1-9], thus resulting in a biological fluorapatite. Shark 
enameloid contains carbonate, though in lesser amounts 
than in human enamel [1, 5, 7, 9]. Carbonate ions may 
substitute at two different sites in the hydroxyapatite crystal 
lattice: for hydroxide (A sites), and for phosphate (B sites) 
[10-13]. These three types of substitutions in the hypotheti- 
cal hydroxyapatite structure— fluoride for hydroxide, car- 
bonate for hydroxide, and carbonate for phosphate — are 
suitable for infrared (IR) spectroscopy study. 

Studying thin crystal sections of Durango fluorapatite by 
ER spectroscopy, Levitt and Condrate [14] observed an ab- 
sorption band at 3535 cm" 1 . They used polarized radiation 
and found that the band had maximum intensity with the 
polarizing plane parallel to the c axis in the crystal. This was 
interpreted to mean that Durango fluorapatite must have 
some "impurity" hydroxide ions in the crystals. The powder 
spectra (alkali halide discs) of this apatite do not normally 
exhibit hydroxide bands [15]. Since the normal hydroxide 
stretching mode for hydroxyapatite is at 3570 cm \ this 
means that Durango fluorapatite has its hydroxide ions hy- 
drogen bonded to neighboring fluoride ions in a linear chain 
along the c axis [16-24]. Levitt and Condrate [14] also 
found a shoulder at 3480 cm" 1 , which is probably due to 
OH--C1" hydrogen bonding [16, 17, 20]. In spectra of geo- 
logical fluorapatites and synthetic hydroxyfluorapatites so- 
called "librational bands" in the region 750-630 cm" 1 have 
also been observed due to librational motions of the hydrox- 
ide ion, more or less weakly hydrogen bonded to fluoride 
[20, 21, 25]. 

Elliott [26] studied polarized IR spectra of francolite, 
tooth enamel, and synthetic carbonate apatites and found 
that carbonate gave rise to absorption bands at 1545, 1450, 
and 880 cm -1 for A type, and at 1465, 1412, and 873 cm" 1 
for B type substitution. There are many different absorption 
frequencies reported in the literature for pure A type, pure B 
type, and AB type. The position of the absorption bands in 
AB type also depends on the amount of carbonate substi- 
tution [24, 27] and the degree of fluoride substitution in 
fluorcarbonate apatites [11, 24]. A compilation of wave 
numbers from the literature gives the following wave num- 
ber regions for absorption bands: 1552-1534 cm" 1 , 1472- 



460 



BEST AVAILABLE COPY 

S. Dahm and S. Risnes: Infrared Study of Shark Enameloid and Shark Dentin, and a Geo-Apatite 



8 

C 
M 

E 




4000 



Wave number (cm* 1 ) 



Fig. 1. 1R spectra of thin sections of geo-apatite (45 u,m), shark 
enameloid (10 jim), and shark dentin (6-7 urn). The geo-apatite 
and the shark dentin spectrum were recorded with the widest slit 
program. The two enameloid spectra (from the same tooth and 



section, middle enameloid) were recorded with the widest (a) and 
with the normal (b) slit program, respectively; spectrum (a) is 
ordinate-expanded relative to spectrum (b). 



1450 cm" 1 , 883-878 cm" 1 for A sites, and 1465-1450 cm" 1 , 
1430-1410 cm" 1 , 874-862 cm" 1 for B sites [11, 12, 24, 26, 
28-35]. Note that in the 1465-1450 cm" 1 region there is an 
overlap between A and B bands [26, 30]. 

The aim of the present work was to record ER spectra of 
mature shark enameloid by a technique similar to that of 
Levitt and Condrate [14], and further to compare these spec- 
tra with IR spectra of shark dentin and a geological fluor- 
apatite, focusing on hydroxide and carbonate absorption 
bands. Shark dentin contains about the same amount of 
carbonate, but much less fluoride than enameloid [2, 5, 6], 
and the geological apatite has a high content of fluoride, but 
very little carbonate. Thereby, a foundation is made for 
assignments and comparison of intensities of absorption 
bands, and accordingly to draw conclusions regarding the 
crystal structure. 

With thin sections placed directly in the ER beam, the 
concentration of ions will be higher than in alkali halide 
discs, and the interfering effects of alkali halide (adsorbed 
water, opaque discs) will be avoided. 

Materials and Methods 

The material consisted of fully developed teeth from Isurus oxyrin- 



chus (Mako shark or Mackerel shark) and a geological fluorapatite 
(green-blue crystals) from Krager0, Norway [36]. 

The main bulk of crystallites in shark enameloid is oriented 
parallel with the enameloid surface [37]. 

The enameloid layer had a thickness of about 500 pun [38]. 
Seven sections with thicknesses of about 300 (xm, containing only 
enameloid, were obtained by preparing tangential surface sections 
[39] from seven different shark teeth. The sections were further 
reduced in thickness by grinding according to a modified version 
of the method of Sundstr0m [40] using silicon carbide paper with 
water until a thickness of 25-75 fxm was reached. By varying the 
amount of grinding from the dentinal and/or the superficial aspect 
of the section, the final section represented either the outer, middle, 
or inner part of the enameloid. After recording IR spectra of the 
sections, three of the sections were ground further to 10-30 |xm: 
two of these sections were from the outer and middle enameloid, 
respectively, and both were about 25 (mm before and 10 jxm after 
the last grinding. IR spectra were again recorded. A tangential 
section of shark dentin was ground to 25-30 u,m thickness and IR 
spectra were recorded. This section was further ground to 6-7 u,m 
and IR spectra were again recorded. One section of geo-apatite was 
ground to a thickness of 45 \xm. Because of the fragility of the 
sample it was not possible to get this section thinner. IR spectra 
were recorded. During grinding, the sections were glued to a brass 
cylinder with Histokitt® (Assistant-Germany), which afterwards 
was dissolved by soaking in xylene. 
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Infrared Spectroscopy 

A Perkin-Elmer spectrophotometer model 457 was used for the 
recording of IR spectra. 

As the sections used in the present study were cut parallel to the 
surface, the main mass of crystals were consequently oriented 
perpendicular to the analyzing beam. But the orientation of the 
crystals relative to the slit varied between samples. Sheets of ra- 
dially directed crystals are also present in the enameloid. This 
minor component of crystals were thus oriented parallel with the 
analyzing beam. Though unpolarized radiation was used, gratings 
themselves can act as polarizers. No attempt was made to observe 
such effects. 

The area of the ground sections (about 2x4 mm) was less than 
the cross-section of the beam. The sections were therefore masked 
with paper frames and aluminum strips and placed in a disc holder 
so that no part of the beam that did not pass through the sections 
was allowed to reach the detector. Because of this the transmit- 
tance scale had to be expanded by placing wire gauze or a comb 
attenuator in the reference beam. The amplifier gain setting of the 
instrument therefore had to be increased, and this led to a higher 
electronic noise level. To minimize the noise, the widest slit pro- 
gram (twice the normal program energy) was used in most of the 
spectra. This setting corresponds to approximately 1.5 times the 
normal slit width, and therefore a greater signal-to-noise ratio is 
obtained, though with reduced resolution (6 cm -1 at 3000 cm -1 , 
and 3 cm -1 at 1000 cm -1 ). 

The spectra were scanned at the slowest scanning speed — 100 
cm~ l /minute in the range 4000-2000 cm -1 , and 50 crrrVminute in 
the range 2000-250 cm -1 . Expressed in the centimeter unit, the 
scan speed is 1.0 cm/minute, and the scanning of one whole spec- 
trum lasts for 55 minutes. 

To minimize interference from atmospheric bands (C0 2 and 
H 2 0), the spectrophotometer was flushed with dry nitrogen during 
most of the recordings. 

The absorption bands of polystyrene film, atmospheric water 
vapor, and carbon dioxide were used to calibrate the spectra. The 
wave number accuracy of sharp bands was estimated to be ±5 cm -1 
in the 4000-2000 cm -1 region, and ±2 cm -1 in the 2000-250 cm -1 
region. 

From each of the shark enameloid sections, 1-11 spectra were 
recorded, from the shark dentin section 13 spectra were recorded, 
and from the geo-apatite section 6 spectra were recorded. 



Results 

Figure 1 shows selected spectra of thin sections of geo- 
apatite (--45 \xm), shark enameloid (-10 |xm), and shark 
dentin (6-7 ^m). The geo-apatite and dentin spectra shown 
were recorded with the widest slit program, and the two 
enameloid spectra shown were recorded with the normal 
and the widest slit program, respectively. 



Hydroxide (OH~) Absorption Bands 

Stretching Modes. The shark enameloid spectra showed a 
shoulder at about 3530 cm -1 . The spectra of geo-apatite 
showed a medium strong absorption band at about 3540 
cm" 1 , with weak shoulders at 3570 and 3480 cm -1 . A very 
weak shoulder at about 3570 cm -1 was observed in some 
shark dentin spectra. 

Librational Modes, The spectra from four of the enameloid 
sections showed a weak, broad absorption band at 740 cm -1 . 
The spectra of geo-apatite showed a medium strong absorp- 
tion band at 745 cm -1 , and a weaker band at 680 cm" 1 . In 
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the region 750-630 cm -1 no absorption bands were ob- 
served in the shark dentin spectra. 



Carbonate (C0 3 2 ~) Absorption Bands 

Stretching Modes. Of the enameloid sections, one section 
from the inner enameloid gave a very weak absorption band 
at about 1540 cm" 1 . This was the only section from the 
inner enameloid. A very weak absorption band was ob- 
served at 1540 cm" 1 in three spectra of a 25 u,m- thick 
section from the outer enamel. In the shark dentin spectra, 
there was a weak broad band at 1540-1520 cm" 1 . In one 
spectrum of geo-apatite a very weak absorption band at 
1540 cm" 1 was observed. 

In spectra from five of the enameloid sections a very 
weak shoulder at about 1480 cm" 1 was observed, but noth- 
ing at this position was observed in the spectra of shark 
dentin and geo-apatite. 

The absorption band at 1453 cm" 1 was at the same 
wavenumber for all sections [perhaps with a small lowering 
(1452 cm -1 ) in the shark dentin and the geo-apatite section]. 

The band which averaged 1423 cm" 1 in the spectra of 
shark enameloid shifted to 1417 cm" 1 in the shark dentin 
spectra. The corresponding band in the geo-apatite spectra 
was approximately at 1425 cm" 1 (high noise level). 

It is noteworthy that the relative intensities of the bands 
at 1453 cm -1 (contributed from A and B site) and around 
1420 cm" 1 (B site) changed from shark enameloid to shark 
dentin; in the enameloid spectra the lower wavenumber 
band was the more intense, whereas in the shark dentin 
spectra the band with the higher wavenumber was the more 
intense. In the geo-apatite spectra the relative intensities of 
the bands at 1425 cm -1 and 1453 cm" 1 were also reversed 
compared with shark enameloid; furthermore, these bands 
were weak compared with shark dentin and enameloid. 

Deformational Modes. In the enameloid spectra there was 
one clear carbonate absorption band at 868 cm -1 . In one 
enameloid (middle enameloid) spectrum, where the normal 
slit program was used, a broad band was observed, which 
suggests "splitting" (Fig. 1). In other spectra of the same 
specimen, where the wide slit program was used, faint 
shoulders were observed at 875 cm -1 (Fig. 1). The main 
band shifted to about 875 cm" 1 in shark dentin. In the spec- 
tra of geo-apatite, a very weak band was observed at about 
880 cm" 1 . 



Other Absorption Bands of Interest 

The phosphate bands in the 1150-1000 cm" 1 region were 
too strong (due to sections that were too thick) to reveal the 
details in the bands, especially in the shark enameloid and 
the geo-apatite spectra (off scale). For shark dentin, strong 
phosphate bands were observed at 563 and 602 cm" 1 . The 
corresponding bands for enameloid and geo-apatite were 
often too strong to be observed, but in some spectra bands 
were observed at about 575 cm" 1 . Other phosphate bands 
were observed at 965 and 471 cm -1 (averaged) in all spec- 
tra; the differences between samples and between sections 
were too small to be considered significant. Note also the 
bands in the 2200-1900 cm" 1 region, most distinct in the 
spectrum of geo-apatite. 

In all enameloid spectra, "water bands" were observed: a 
very broad and medium-to-strong band at about 3280 cm" 1 , 
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and a medium band at about 1650 cm" 1 . The latter also 
appeared as a very faint band in the spectrum of the geo- 
apatite. 

Absorption bands of presumably organic origin appeared 
in both the enameloid and shark dentin spectra in the region 
2980-2925 cm -1 , and at about 1225 cm" 1 (as weak shoul- 
ders in the enameloid spectra). In the shark dentin spectra 
there were additional bands at 3330, 3160-3080, 1660 
cm -1 , about 1530 cm -1 (broad), and at 1332 cm" 1 , reflecting 
the higher organic content in this tissue. 

A weak band at 1730 cm" 1 , of which the authors have no 
ready explanation, was observed only in the enameloid 
spectra. The possibility that this band arises frpm the adhe- 
sive (Histokitt) cannot be excluded. 



Discussion 

The shoulder at 3530 cm -1 in the enameloid spectra and the 
medium strong band at 3540 cm -1 in the spectrum of the 
geo-apatite are evidently due to stretching vibrations of hy- 
droxide ions hydrogen bonded to fluoride ions along the c 
axis in the apatite crystals. Since one-sided OH~-F~ hydro- 
gen bonds have shorter hydrogen bonds and longer O-H 
bonds than two-sided OH~-F"-HO" hydrogen bonds, the 
hydroxide stretching frequencies will be higher in the two- 
sided configuration than in the one-sided configuration [41, 
42]. In accordance with this, the frequency of the dominat- 
ing hydrogen-bonded hydroxide stretching band in synthetic 
hydroxyfluorapatites has been found to increase with in- 
creasing OH" concentration [43]. Thus, the difference be- 
tween the two stretching frequencies at 3530 and 3540 cm" 1 
in the enameloid and geo-apatite spectra, respectively, can 
be ascribed to a higher concentration of OH" ions relative to 
fluoride in the geo-apatite. However, the possibility that the 
difference may be due to the overlap/interference with the 
broad water band in the enameloid spectra should be con- 
sidered. 

The weak shoulders observed at 3570 cm -1 in shark 
dentin and geo-apatite are interpreted as the normal stretch- 
ing mode due to nonhydrogen-bonded OH" ions along the c 
axis. The weak shoulder at 3480 cm" 1 was found only in the 
geo-apatite spectra, and is probably due to the OH"-Cl~ 
bond, as mentioned earlier. 

In spectra of synthetic hydroxyfluorapatites, Fowler [20] 
observed hydroxide librational bands at 735, 715, and 670 
cm" 1 and found that each of these frequencies tended to 
increase with increasing F~-concentration (or decreasing 
OH~-concentrations), i.e., an opposite shift of what is ob- 
served for stretching frequencies. This is in accordance with 
the vibration characteristics of the hydrogen bond [42]. No 
band at 715 cm -1 was observed in the present work, neither 
in the geo-apatite nor in the enameloid spectra. Fowler also 
found that the band intensities varied with the F~ (and OH") 
content: when F~ > OH~, the 735 cm" 1 band predominates; 
when F~ < OH", the 715 and 670 cm" 1 predominate. The 
hydroxide libration bands around 740 cm" 1 found in the 
enameloid and geo-apatite spectra are in agreement with 
these samples being fluoride rich, and are probably due to 
one-sided OH"-F~ hydrogen bonds (single OH~-ions in an 
extended F"-column) [20, 21]. In line with the same rea- 
soning, the band at 680 cm -1 in the geo-apatite spectra 
could be due to the two-sided OH~-F"-HO" hydrogen 
bonds [16, 43]. The reason a band at 67Q-680 cm" 1 did not 
show up in the shark enameloid spectra may be that enam- 
eloid is relatively poor in hydroxide compared with the 



geo-apatite, so that the ratio F"/OH~ is higher in enameloid 
than in the geo-apatite, and accordingly, provided the ions 
are distributed at random along the c axis [22], the 
OH"-F~-HO~ configuration will be less probable, and the 
OH"-F" configuration more probable in enameloid than in 
the geo-apatite. Freund and Knobel [21] assigned the band 
at 680 cm" 1 to a "tail-to-tail" (• • -HO:OH- • •) configuration. 
These authors also found a band at 3643 cm" 1 , which they 
assigned to the same configuration. This band has not been 
observed by others, nor by the present authors, and most 
probably arises from a Ca(OH) 2 impurity [22, 43]. 

The reason that no other hydroxide bands than the band 
at 3570 cm" 1 were observed in the shark dentin spectra is 
evidently due to the much lower fluoride content (few pos- 
sibilities for hydrogen bonding to fluoride). The weakness 
of the 3570 cm" 1 band, and the absence of the librational 
band at 630 cm" 1 [21], could be due to the smaller and more 
imperfect apatite crystallites in shark dentin [44]. It could 
also imply that there are few hydroxide ions in shark dentin. 
Rey et al. [33] found practically no hydroxide ions in AB 
type carbonate apatite synthesized in solution at pH 7.5, nor 
in bone mineral [45]. 

The carbonate bands at 1452 and 1425 cm -1 in the geo- 
apatite spectra and at 1453 and 1423 cm" 1 in the enameloid 
spectra indicate that there is about the same fluoride con- 
centration in shark enameloid and in the geo-apatite — 
perhaps a little more in the geo-apatite [9, 11, 24, 43]. The 
bands at 740 cm" 1 and 745 cm" 1 in the enameloid and 
geo-apatite spectra, respectively, indicate that the geo- 
apatite has a significantly higher fluoride content than 
enameloid [20, 21], provided that the other ions/molecules/ 
vacancies along the c-axis in the apatite crystals do not 
influence the position of this librational absorption band to 
an appreciable extent. Thus, it seems that the geo-apatite has 
a higher concentration of both fluoride and hydroxide than 
shark enameloid. A possible explanation could be the dif- 
ference in carbonate content: there is obviously much more 
carbonate in shark enameloid than in the geo-apatite, as 
indicated by the difference in band intensities in the regions 
1550-1350 cm" 1 and 900-800 cm" 1 (Fig. 1); consider also 
that the geo-apatite section is both thicker and more trans- 
parent than the enameloid section from which the spectra 
were recorded. Some of this carbonate may be in A sites, 
and more in the enameloid than in the geo-apatite. There 
may also be hydroxide ion vacancies in enameloid due to 
imperfections in the hydroxyapatite lattice introduced by 
substitution of carbonate in B sites [32, 45]. The spectra in 
Figure 1 show that there is a substantial amount of water in 
enameloid as opposed to the geo-apatite (regions 3800- 
2500 cm" 1 and 1700-1600 cm" 1 ). Some of this water may 
be substituted for OH" in A sites, as in human enamel [43, 
46]. 

In a detailed JR study of OH" hydrogen-bonded to F" in 
synthetic hydroxyfluorapatites, Freund and Knobel found 
an absorption band at 745 cm -1 and a weaker band at 680 
cm" 1 at 76 mol % F- (of total OH" + F" in hydroxy fluor- 
apatite) [21]. This corresponds well with the spectra of geo- 
apatite in the present study. Freund and Knobel also ob- 
served a faint shoulder at 720 cm" 1 , which may explain the 
unsymmetrical shape of the absorption band at 745 cm" 1 for 
the geo-apatite in the present study. It therefore seems rea- 
sonable to assume that the fluoride content in the geo- 
apatite used in the present study is about 75 mol % of the 
total A sites in the apatite crystals. The absorption band at 
740 cm" 1 in the enameloid spectra should correspond to a 
fluoride content of about 65 mol % of the total A sites in the 
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enameloid apatite crystals [21]. This, as pointed out earlier, 
is on the assumption that other ions/molecules/vacancies 
along the c-axis have a minor influence on the position of 
this librational band. 

Since both shark enameloid and the geo-apatite are fluo- 
ride rich, with a large part of the A sites occupied by fluo- 
ride, it was at first assumed that their carbonate was mainly 
in B sites. Shark dentin, on the other hand, is poor in fluo- 
ride, so its carbonate was expected to be in both A and B 
sites. Hence, shark enameloid and the geo-apatite should be 
mainly B type apatites and shark dentin should be more AB 
type. However, as will emerge from the ensuing discussion, 
the present results indicate that carbonate substitution in A 
sites also occurs in shark enameloid and geo-apatite, and to 
a relatively greater degree in geo-apatite. 

The shift of the carbonate stretching band at 1417 cm -1 
and the carbonate deformational band at 875 cm" 1 in the 
shark dentin spectra to 1423 cm -1 and 868 cm -1 , respec- 
tively, in the shark enameloid spectra can be associated with 
the higher fluoride content in shark enameloid [9, 11, 24, 
33, 43, 47]. 

The broad band at about 870 cm" 1 in the spectrum of 
middle enameloid recorded with the normal slit program, 
and the faint shoulder observed at about 875 cm -1 alongside 
the dominating band at 868 cm -1 in spectra of middle enam- 
eloid recorded with the wide slit program (Fig. 1), suggest 
the presence of two closely positioned absorption bands. IR 
spectra of synthetic partially fluoridated carbonate apatites 
[24, 47] are in accordance with this suggestion. Two closely 
positioned bands in this region may indicate that carbonate 
occupies both A and B sites. This agrees with what the 
present authors hypothesized related to the OH" content in 
enameloid, namely, that there are A sites in enameloid that 
are occupied by carbonate. The reason that two closely po- 
sitioned absorption bands at about 875 cm -1 were not ob- 
served in spectra of shark dentin, in spite of more A sites 
"available" for carbonate than in enameloid, may be the low 
crystallinity or the low fluoride content [24] compared with 
enameloid. Two absorption bands at 878 and 871 cm -1 , 
indicating that carbonate substitution had occurred in both 
A and B sites, were observed by Rey et al. [33] in decon- 
voluted FTIR spectra of bone and in spectra of fluoride-free 
AB type samples synthesized in solution at pH 7.5, but these 
authors undoubtedly had a better resolution in their spectra 
than in the present work. 

The broad band at 1540-1520 cm -1 in the shark dentin 
spectra is probably composed of an A site carbonate band 
and an amide II band [48]. Also, one geo-apatite spectrum 
showed a very weak band at 1540 cm -1 . From one section 
(about 25 |xm thick) of the outer enamel there is probably a 
very weak band at 1540 cm" 1 which appeared in three of 
four spectra. The reason that bands were not observed in this 
position in spectra of middle enameloid sections, nor from 
the 25 |xm section may be bad quality of the spectra. Only 
two spectra were recorded of this section, and maximal 
ordinate expansion (the baseline was between 0.2-0.4 in 
absorbance units) was not achieved. It must also be taken 
into consideration that the enameloid samples may show 
small differences with regard to fluoride, hydroxide, and 
carbonate content. The very weak absorption band at 1540 
cm" 1 detected from a section of the inner enameloid may be 
ascribed to A site carbonate because of lower fluoride con- 
centration than in the middle enameloid [9], but it could also 
be due to carbonate/amide II from dentin extensions into the 
enameloid [38]. 

The difference in the relative intensities of the 1453 and 



the 1420 cm -1 bands between the shark dentin and shark 
enameloid spectra agrees with findings in spectra of natural 
[49] and synthetic fluor-carbonate apatites and carbonate 
apatites [11, 47, 50, unpublished], A possible explanation 
for this difference is that, since the band at 1453 cm 1 has 
contributions from carbonate in both A and B sites, it will be 
relatively weaker in enameloid spectra due to a large 
amount of fluoride in A sites in enameloid. Thus, these 
observations support the expectation that in shark dentin 
there are more A sites filled with carbonate than in enam- 
eloid. It is also interesting that the same relative intensities 
of the bands at 1453 and 1420 cm" 1 as in shark enameloid 
have been observed in spectra of synthetic apatites which 
were claimed to be B type carbonate apatites without fluo- 
ride [24, 33, 51]. A spectrum of a representative sample 
prepared at pH 9 and with a carbonate content of 4.1% 
showed no band at 1550-1540 cm" 1 , and bands at 1454, 
1421, and 875 cm -1 [51]. A spectrum of another sample 
prepared at a fluctuating pH 5-9 and with a carbonate con- 
tent of 0.7%, about the same as Glas [1] found in shark 
dentin, showed bands at 1550, 1455, 1418, and 874 cm -1 
[51]. The intensities of the bands at 1455 and 1418 cm -1 in 
the second sample were about equal, whereas in the first 
sample the band at 1421 cm" 1 was distinctly more intense 
than the band at 1454 cm" 1 . Thus, the spectrum from the 
second sample is closer to the spectrum of shark dentin, 
which corroborates that the mineral phase in shark dentin is 
an AB type apatite. The shift of the carbonate stretching 
band at 1418 cm" 1 in the spectrum of the second sample to 
1421 cm -1 for the first sample is in the same direction as 
from shark dentin to enameloid. On the other hand, the 
carbonate deformational band at 875 cm" 1 did not show any 
significant shift, as opposed to the shift from 875 to 868 
cm" 1 in the spectra of shark dentin and enameloid, respec- 
tively. It seems that this band, which is dependent on the 
fluoride content, is relatively independent of changes from 
AB type to B type in fluoride-free apatites [24]. 

If the geo-apatite should be mainly a B type apatite, as 
expected to begin with in the present work, a B site band at 
868 cm" 1 (as in enameloid) or lower [11, 43] would be 
anticipated in the spectra, perhaps with a weak shoulder at 
a higher wave-number as in enameloid. This was not the 
case. Instead, a band at about 880 cm -1 in the geo-apatite 
spectra was observed which was rather puzzling. Contrary 
to the original expectation, it seems that the geo-apatite is 
not mainly a B type apatite but nearer to an A type, in spite 
of its high fluoride content (it should be mentioned that the 
band at 880 cm -1 and the shoulder at 875 cm" 1 in the 
geo-apatite and shark enameloid spectra, respectively, are 
very poorly defined, so the difference may be nonsignifi- 
cant). A possible explanation is that when the carbonate 
concentration is low, as in geo-apatite, A sites are preferred 
[24, 32, 52]. This is confirmed by the relative intensities of 
the 1452 and 1425 cm" 1 band (Fig. 1), and also agrees with 
the weak band at 1540 cm" 1 observed in one spectrum of 
geo-apatite [33]. When the carbonate concentration in- 
creases, the proportion of occupied B sites increases [24, 
32], as in shark enameloid. 

The weak shoulder at about 1480 cm" 1 observed in the 
enameloid spectra is supposedly of the B type [24, 32]. 

The 563 cm" 1 band should be typical for a hydroxyapa- 
tite-resembling lattice [15, 53-55], and the 575 cm" 1 band 
should be typical for a fluorapatite-resembling lattice [15, 
49, 54]. This is in accordance with the shark dentin being 
F~-poor and the shark enameloid and the geo-apatite being 
F"-rich. We have also recorded powder spectra of "our" 
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geo-apatite, which show the same phosphate bands as Du- 
rango apatite, which is established as a relatively pure flu- 
orapatite [15]. However, in addition, at about the same con- 
centration in the disc as Durango apatite, our geo-apatite 
spectrum shows bands at 3540 and 745 cm" 1 . This suggests 
that there is a higher concentration of OH"-ions in our geo- 
apatite than in Durango apatite. 

The bands in the 2200-1900 cm -1 region have been 
assigned to phosphate overtone and combination bands [15, 
20], The bands at 3280 and 1650 cm -1 arise from stretching 
and bending modes in the water molecule [29, 56, 57]. 
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